It is important for a sonographer to understand how the spine and spinal cord develop. By understanding the normal development process, one can better appreciate how and why anomalies of the 4 JDMS Many spinal disorders, whether congenital or acquired, are likely to have an improved outcome if they are promptly identified. A rapid diagnosis may eliminate progressive sequela and provide insight to possible treatment plans. Although there are various medical imaging modalities for evaluating the neonatal spine, diagnostic medical sonography provides a safe (no exposure to ionizing radiation), quick, and inexpensive approach. Spinal diagnostic medical sonography can be performed in neonates as long as the vertebral column is not completely ossified. Diagnostic medical sonography is a valuable technique that, in addition to 2D imaging, provides 3D, extended field of view (EFOV), and M-mode imaging. Diagnostic medical sonography can identify normal spinal anatomy and variants, congenital malformations, and acquired diseases subsequent to birth-related trauma and lumbar punctures. This article discusses the normal embryology of the spine. Indications for neonatal spinal diagnostic medical sonography are reviewed along with a description of sonographic examination techniques. A review of spinal pathology and their embryological origin will be outlined as well as normal variants seen with sonography. A detailed literature review is provided evaluating case studies and their findings.
spinal cord occur. Thus, what will follow next is a review of the embryologic development stages of gastrulation, neurulation, canalization, and retrogressive differentiation.
Gastrulation
Gastrulation is the formation of the germ cell layers and establishment of axial orientation in the embryo. During the second week, the blastocyst produces a bilaminar embryonic disk. This flat disk has an epiblast (future ectoderm) layer in contact with the amniotic cavity and hypoblast (future endoderm) in contact with the yolk sac. Gastrulation takes place around days 14 to 15 when the bilaminar disk is transformed into a trilaminar disk by forming the mesoblast (future mesoderm).
The appearance of the primitive streak, thickened epiblast, is the first sign of gastrulation ( Figure 1 ). The primitive streak appears caudally in the dorsal aspect of the embryonic disk. The craniocaudal axis, dorsal and ventral surface, and right and left sides are now determined. As the streak elongates, the cranial end forms a primitive node. A primitive groove develops in the primitive streak and continues to the primitive node, developing a primitive pit (known as Hensen's node). Ectodermal cells now migrate toward the primitive streak, passing into the primitive pit where the ectoderm and endoderm meet. The ectodermal cells then migrate laterally along the interface forming the mesoderm. The primitive streak forms the mesoderm up to the early fourth week. The primitive streak then regresses and disappears by the end of the fourth week.
After formation of the mesoderm, some mesenchymal cells migrate cranially from the primitive pit forming the notochordal process. The notochordal process runs cranially between the embryonic ectoderm and endoderm. With transformation of the notochordal process, a cellular rod develops known as the notochord. The notochord is the structure that indicates the future site of the vertebral bodies. It also induces the overlying ectoderm to thicken, forming the neural plate. [1] [2] [3] Neurulation Neurulation involves the formation of the neural plate and continuation of the neural plate to form the neural tube. Formation of the neural tube starts in the vicinity of the fourth to sixth pairs of somites. At this period, the caudal one third of the neural plate and tube will become the spinal cord.
Formation of the notochord stimulates the embryonic ectoderm to form an elongated plate of thick epithelial cells, the neural plate ( Figure 2 ). This begins cephalad to Hensen's node and dorsal to the notochord. The neuroectoderm will give rise to the spinal cord. The neuroectoderm is differentiated from the ectoderm and continues laterally with the remainder of the ectoderm.
The center of the neural plate becomes depressed, forming the neural groove on days 17 to 18. The edges fold up into the amniotic cavity, creating two elevated neural folds. With contractile filaments at the base of the neural groove and the lateral edges of the neural folds, the neural folds bend dorsal, approaching each other midline. They then fuse, turning the neural plate into a neural tube. Fusion is thought to start at separate closure sites and proceeds cranially and caudally. This continues until a small area at each end is left communicating with the amniotic cavity. These are the cranial (anterior or rostral) and caudal (posterior) neuropores. The cranial neuropore closes on day 24 at the 18-to 20-somite stage. The caudal neuropore closes on day 27 at the 25-somite stage. The caudal neuropore is thought to be at the S2 level.
Following closure of the neural tube sections, the overlying ectoderm disconnects from the lateral walls of the neural folds and then differentiates into neural crest cells ( Figure 3 ). The neural crest cells migrate dorsolaterally to the neural tube. They form the neural crest between the neural tube and surface ectoderm. The neural crest then separates into right and left parts. Each gives rise to spinal and sympathetic ganglia. The neural crest cells also form the pia and arachnoid mater covering the brain and spinal cord.
After closure of the neural tube, the superficial and neuroectoderm separate. This is known as disjunction. [1] [2] [3] [4] 
Canalization and Retrogressive Differentiation
During canalization (secondary neurulation), a portion of the neural tube is formed caudal to the posterior neuropore. A caudal cell mass first appears as a result of the neuroectoderm fusing with the lower portion of the notochord. At 30 days, microcysts and clumps of cells start appearing in the caudal cell mass. These progressively coalesce to form an ependyma-lined central canal. This then unites with the neural tube formed during primary neurulation.
Retrogressive differentiation follows canalization. This occurs at approximately day 38. The caudal cell mass and central lumen of the caudal neural tube go through an apoptotic (programmed cell death) process causing regression, degeneration, and further differentiation. The segment formed through canalization and retrogressive differentiation becomes the ventriculus terminalis, the caudal portion of the conus medullaris, and the filum terminale (the area where the spinal cord is attached to the end of the spine; Figure 4 ). [1] [2] [3] 5 
Relative Ascent of the Spinal Cord
During the embryonic stage, the spinal cord extends the total length of the vertebral canal. The spinal nerve roots traverse laterally between the intervertebral foramina by their levels of origin. Nerve roots of the lumbar and sacral region become extended vertically, forming the cauda equina below the spinal cord. However, after retrogressive differentiation, the growth of the neural tube decelerates while the vertebral canal persists, producing "relative ascent of the spinal cord." 3, 5 
Somite Formation
Along with the notochord and neural tube formation, the mesoderm of each side of the notochord begins thickening, forming sagittal columns of paraxial mesoderm. Near the end of the third week, the paraxial mesoderm differentiates and starts to divide into paired cuboidal bodies, the somites. Somites then develop into myotomes, which form the paraspinous muscles, overlying skin, and sclerotomes, which will form the cartilage, bones, and ligaments of the vertebral column.
1,2

Indications
Neonatal spinal sonography is performed to evaluate for spinal dysraphism, syndromes, and acquired anomalies. Cutaneous stigmata that are associated with spinal anomalies are listed in Table 1 . Syndromes associated with congenital anomalies of the spine include vertebral anomalies, anal atresia, cardiac anomalies, treachea-esophogeal fistula or esophageal atreasia, renal anomalies, and limb anomalies (VACTERL); cloacal exstrophy anorectal malformation spectrum (CEARMS); genitourinary anomalies; caudal regression; and split notochord syndrome. Clinical signs and symptoms that are associated with spinal anomalies are genitourinary (cloacal exstophy, anal atresia), neurological (weakness, spasticity, or loss of sensation), and orthopedic (scoliosis, pes cavus, talipes, or congenital hip dislocation). [6] [7] [8] [9] [10] Sonography can also be used to evaluate acquired anomalies of the neonatal spine. Acquired anomalies of the neonatal spine often occur because of birth trauma and cerebrospinal fluid (CSF) sampling. [11] [12] [13] [14] 
Sonographic Technique
Examining the neonatal spine requires adherence to a strict imaging protocol to ensure the visualization of the spinal cord, recognition of anatomic variants, and detection of anomalies. Diagnostic medical sonography can be used to evaluate the neonatal spinal cord due to incomplete ossification of the posterior spinal elements. Sonographic examination of the neonatal spine is performed with the infant in a warm room lying in a prone, lateral decubitus, or semi-erect position. Feeding the infant before examination helps him or her to relax. Placing a towel under the infant's pelvis will flex the spine enough to separate the midline posterior arches for the best visualization. A high frequency (7-to 15-MHz) linear-array transducer should be used to perform the examination. 15 Lower frequency transducers are beneficial for better penetration in older infants. However, higher frequency transducers are beneficial for optimization of superficial structures such as skin lesions and sinus tracts. Extended field-of-view (EFOV) imaging is an additional feature that can demonstrate the whole neonatal spine from T12 to the coccyx. Conventional sonographic methods have traditionally relied on dual imaging or marking of T12 in the transverse plane and then counting vertebral bodies to note the level of spinal cord termination ( Figure 5 ).
The cord should be imaged and documented in the midline sagittal and transverse planes. Normal morphology should be evaluated and documented. When evaluating for a possible anomaly, the following structures should be assessed: the cord, conus medullaris, filum terminale, cauda equina, distal thecal sac, and subarachnoid space. Any skin lesions or palpable masses must be evaluated. The vertebral body numbers should be determined. This will determine the level of the conus medullaris, which is important for excluding a tethered spinal cord. Determination of the vertebral level can be achieved by different methods. These consist of the following:
1. Locating the last lumbar vertebra, L5, by evaluating the lumbosacral junction. Then count cephalad to the conus medullaris. M-mode can be used to evaluate normal and abnormal motion of the cord and nerve roots extending from the cauda equina. EFOV images are beneficial to obtain an overall image. This allows for easier visualization of the spinal cord, subarachnoid space, level of the conus medullaris, cauda equina, and the tip of the dural sac. 3D ultrasonography (US) provides a superior presentation of the complex anatomic relationships and the additional coronal (bird's-eye) view. 7, 8, [16] [17] [18] 
Normal Cord Anatomy and Sonographic Appearance
A sonographic examination of the spinal cord includes the assessment of normal cord morphology. The spinal cord lies in the spinal canal within anechoic CSF of the subarachnoid space. Surrounding the canal is the dura mater, which is shown by an echogenic line dorsal and ventral to the canal. The cord is lined with the arachnoid sheet, which exhibits an echogenic line parallel to the cord's surface. The spinal cord diameter is largest in the cervical and lumbar regions. Caudally, the lumbar enlargement tapers, forming the conus medullaris, which extends and becomes the filum terminale. The filum terminale images as an echogenic cordlike structure that is surrounded by echogenic nerve roots of the cauda equina. For that reason, separation of the two is difficult. However, the filum terminale is commonly more echogenic than the surrounding cauda equina. The filum terminale normally measure less than or equal to 2 mm.
On a sagittal image, the spinal cord appears as a hypoechoic cylindrical structure with two echogenic complexes centrally. These represent the central echo complex. The normal cord lies one third to one half of the way between the dorsal and ventral walls of the spinal canal ( Figure 6 ).
On a transverse image, the cervical spinal cord appears as an oval shape, whereas the thoracic and lumbar portions are more circular. The cord begins to fade in size in the conus medullaris. The central echo complex images as one or two echogenic dots in the center of the cord (Figure 7) .
The level of the conus usually ends between T12 and L1 or L2 ( Figure 8 ). If it ends at the L2-L3 disk space or lower, it should be considered abnormal, and one should explore for any tethering masses. However, it must be noted that a normal cord may lie around L3, mainly in preterm infants. The normal position of the cord should be central in the spinal canal. The spinal cord is held in place by echogenic dentate ligaments passing laterally from each side of the cord.
The normal spinal cord produces a rhythmic move ment that can be shown with M-mode FIGURE 5. Transverse spine at the level of T12. Note the rib shadows (echogenic areas labeled rib) denoting that this image was taken at the thoracic vertebrae level. sonography ( Figure 9 ). The cord moves in both the craniocaudal and ventrodorsal directions. Slow oscillations are from respiration. Move ments in the craniocaudal direction are related to systole. 7, 8, 17, [19] [20] [21] [22] 
Congenital Anomalies
Congenital anomalies of the neonatal spine can be grouped into three broad categories: (1) spinal dysraphism, (2) miscellaneous, and (3) Meningoceles are a herniation of dura, arachnoid, and cerebral spinal fluid. They can occur anterior, lateral, or dorsal in position. Anterior meningoceles tend to present with symptoms in the second to third decade of life. Clinical symptoms associated with an anterior meningocele are constipation, urinary frequency, incontinence, dysmenorreah, dyspurnia, and pain in the lower back and pelvis. These symptoms are thought to be brought on by the mass effect creating pressure on the pelvic organs.
Lateral meningoceles are herniations through the lateral neural foramen (thoracic and lumbar segments) consisting of dura, arachnoid, and CSF. These patients may be asymptomatic or present with symptoms of pain, sensory deficit, hyperflexia, or weakness usually in the fourth to fifth decade. Approximately 85% of these cases are associated with neurofibromatosis. Another frequent finding of lateral meningoceles is a sharply angled scoliosis of the upper thoracic spine.
Dorsal meningoceles are composed of a sac of herniated dura, arachnoid, and CSF into subcutaneous tissues of the back. Because the sac communicates with the subarachnoid space, size may vary with position and the Valsalva maneuver. Dorsal meningoceles may be associated with a bony abnormality of the spine (spina bifida). This may include a single spinous process or multiple segments. These are often associated with a tethered cord. When performing an imaging test, it is important to note the level of the defect, the presence or absence of neural tissue, and the relationship of the defect to the conus medullaris and filum terminale.
It is also important to differentiate a meningocele from a myelocystocele because of the difference in prognosis. The embryology of the dorsal, lateral, and anterior meningoceles is of unknown origin. 1 Myeloceles are defined as a bony defect in which the central spinal canal is exposed through the skin surface. The herniated sac of exposed spinal cord is flush with the plane of the back. This is because the subarachnoid space anterior to the placode (a segment of nonneurulated embryonic neural tissue) is not expanded. Myelocels are commonly found in the lumbosacral region. 1, 19, 23 Myelomeningocele consists of a placode (a segment of nonneurulated embryonic neural tissue), meninges, and cerebrospinal fluid with pia and arachnoid projecting through a bony defect in the spine that exposes itself to the environment. The spinal dysraphism of the bone extends over several vertebral segments. This protrusion is non-skin covered and extends beyond the plane of the back.
The extension beyond the back is due to expansion of the subarachnoid space. The most usual locations of myelomeningoceles are the lumbar and lumbosacral spine. This is often associated with tethering of the spinal cord. Syringohydromyelia presents in 29% to 77% of patients. 1, 23 Myeloceles and myelomeningoceles result from an abnormality during neurulation that is explained by nondisjunction. This is thought to be due to a deficit in the expression of certain receptors on the surface of the neuroectodermal cells. 1 
Occult Spinal Dysraphisms
Occult spinal dysraphism entities are commonly associated with cutaneous markers, and this group is commonly screened by diagnostic medical sonography. Entities within this classification include spinal lipomas, dorsal dermal sinuses, myelocystocele, diastematomyelia, diplomyelia, tight filum terminale, and tethered spinal cord.
Spinal lipomas are homogeneous fatty masses with connective tissue that has a connection with the leptomeninges or spinal cord ( Figure 10 ). They are classified into three basic groups:
1. Lipomyelocele or lipomyelomeningocele (75%-85%) 2. Intradural lipoma (3%-5%) 3. Fibrolipoma of the filum terminale and terminal lipoma (10%-15%) 1 Groups 1 and 2 are disorders that result during neurulation from premature separation of the cutaneous ectoderm from the neural ectoderm. In lipomyeloceles and lipomyelomeningoceles, typically occurring in the lumbosacral region, the lipoma is found contiguous with the cleft spinal cord attaching at the dorsal surface of the placode. It continues into the spinal canal, causing tethering of the cord. Intradural lipomas can develop anywhere in the spinal cord or cauda equina but are most common in the cervicothoracic and thoracic areas. Group 3 are anomalies of the caudal cell mass. Fibrolipoma of the filum terminale is more specifically thought to result from an anomaly during canalization and retrogressive differentiation. They are associated with a tethered cord. Terminal lipomas attach to the conus medullaris and continue dorsally through a sacral spina bifida. 1, 8 Dorsal dermal sinuses occur evenly in females and males. A dorsal dermal sinus is pathologically a thin epithelium-lined tract coursing from the skin surface, inward for differing distances, that commonly connects with the central nervous system (Figure 11 ). Roughly half of these cases pathologically have the dorsal dermal sinus ending in dermoid or epidermoid tumors. Tethered cord, lipoma, syringomyelia, and infection may also present. Dorsal dermal sinuses are important to detect because there is a better outcome for patients who have surgical intervention before infection occurs.
Dorsal dermal sinuses most commonly occur near midline in the occipital and lumbosacral vicinities (where the neural tube last closes). A focal section of incomplete disjunction of cutaneous ectoderm from neural ectoderm seems to be the cause of this anomaly. 1, 8, 20, [23] [24] [25] A myelocystocele has a dorsally protruding dilated central canal (hydromyelic spinal cord). The protrusion occurs through a bony spina bifida. There is a disturbance of CSF circulation. These occur at the cervical or cervicothoracic level. The myelocystocele is covered by a full thickness of skin, with the apex of the mass being covered in a violaceous membrane. Embryologically, a myelocystocele likely results from an abnormality during neurulation by nondisjunction. 1, 8, 16, 19 When they present at the lumbosacral level, they are referred to as terminal myelocystoceles (syringocele). This anomaly has both a hydromelic cord and arachnoid herniated through the spina bifida. Terminal myelocystoceles are associated with anorectal, genitourinary, and vertebral anomalies. The exact embryological origin of terminal myelocystoceles has not been determined but most likely is an anomaly of the caudal cell mass during retrogressive differentiation. 1, 3, 8, 16, 19, 26 Split cord malformations include diastematomyelia and diplomyelia. A sagittal division of the spinal cord into two hemicords is referred to as diastematomyelia. This affects females more than males. The hemicords can present as symmetric or asymmetric and typically join up caudally. Both hemicords contain a central canal and a ventral and dorsal horn giving rise to nerve roots. Females are more often affected. Diastematomyelia is thought to develop from splitting of the notochord during development. Embryologically, during migration from Hensen's node, the cells forming the notochord meet an obstacle (such as an adhesion of the endoderm and ectoderm) that they must go around laterally. Lateral movement around the obstacle results in splitting of the cord into two hemicords, a central cleft, or a lateral notch. The notochord is also responsible for the development of the vertebrae. Therefore, any alteration in notochord development may result in vertebral anomalies, especially hemivertebra or butterfly vertebra. 1, 19, 23 Diplomyelia differs from diastematomyelia in that it is a complete duplication of the spinal cord. 3, 27 Tight filum terminale is diagnosed with a filum thickness greater than 2 mm at the L5 to S1 level ( Figure 12 ). The conus medullaris is often below L2 to L3 and always associated with tethering of the spinal cord. The thick filum terminale may have lipomas or cysts within. M-mode reveals decreased or absent cord motion. The commonly thought embryology involves an abnormality during retrogressive differentiation. More precisely, it is thought to be caused by incomplete involution of the terminal spinal cord and/or malfunction of the filum nerve fibers lengthening. 1, 23 A tethered spinal cord describes a low ending position, below L3, of the conus medullaris ( Figure  13 ). The cord may be displaced posteriorly with decreased or absent cord movement. This can be due to a variety of etiologies. Tethered cord can be caused by congenital anomalies such as a fibrolipoma, lipomyelomeningocele, spina bifida, diastematomyelia, tight filum terminale, or spinal cord tumor. Tethered cord can also be caused by surgical procedures such as the repair of a myelomeningocele. Related findings include spinal dysraphism, syringomyelia, scoliosis, lipomas, myelocele, and VACTERAL syndrome. 19, 20, 22, 28 Tethered spinal cord is important to diagnose because it may lead to secondary skeletal defects (e.g., talipes cavus), neurologic defects of the lower limbs, or autonomic neuropathy affecting the bladder or bowel. Over time, cord tethering may impair its microcirculation, leading to progressive cord ischemia and neural dysfunction. 29 
Malformation of the Distal Bony Spine
The third classification of spinal dysraphism is malformation of the distal bony spine. Caudal regression is a malformation of the distal bony spine and comprises a spectrum of caudal cell mass anomalies. These include sirenomelia (where there is fusion of the lower extremities), lumbosacral agenesis (where there is an absence of the caudal vertebrae and spinal cord), renal aplasia or ectopia, exstrophy of the urinary bladder, anal imperforation, malformed external genitalia, and pulmonary hypoplasia with Potter's facies. To image the distal bony spine, the sonographer should follow the spine distally until the full sacrum is visualized (Figure 14) .
The likely embryology involves an insult to the caudal mesoderm during secondary neurulation. Caudal regression syndrome has an association with diabetic mothers. It is thought that a state of hyperglycemia during early gestation could influence 
Miscellaneous Abnormalities
Miscellaneous anomalies that diagnostic medical sonography can be used to detect are hydromyelia, syringomyelia, syingohydromyelia, and split notochord syndrome. Hydromyelia develops with a cystic dilatation of the CSF-filled central portion of the spinal cord. The cyst is lined with ependymal cells. This can occur in a localized or widespread area of the spinal cord. Hydromyelia is frequently associated with malformations such as myelomeningocele (29%-77%), 1 Arnold Chiari type I and II malformation, and diastematomyelia. 1, 20, 30 Like hydromyelia, syringomyelia is distinguished by CSF-filled cavities within the spinal cord. However, the term syringomyelia is used when the spinal cord cavity extends sagittal and lateral to or independent of the central canal. These cavities are lined with glial cells. In this condition, CSF surrounds the spinal cord parenchyma due to laceration of the ependyma covering of the central canal. With hydromyelia and syringomyelia, there is a disruption of CSF circulation. 1, 20 Syringohydromyelia ordinarily presents in adulthood but can be found in neonates. This term arises because of the difficulty in classification between hydromyelia and syringomyelia. It is likely to be a result of an anomaly of the spine or cervicomedullary junction. Diagnosis is important because if left untreated, scoliosis may develop. All three of these anomalies are found cranial to the placode. 1, 31 Split notochord syndrome consists of a multifaceted grouping of anomalies considered to result from splitting of the notochord with a connection between the ventral endoderm (becoming part of the gut) and dorsal ectoderm (becoming part of the spine) of the embryonic disk. Anomalies include a neural tube defect, dorsal enteric fistula, cyst, sinus, and diverticulum. 1 
Acquired Pathologies
Acquired anomalies associated with the neonatal spine are often due to birth trauma or postprocedure. High risk factors associated with birth trauma include intrauterine fetal malposition and delivery in the breech position with hyperextension of the head. Injuries associated with birth trauma include meningeal tear with epidural hemorrhage, laceration and avulsion of nerve roots, and laceration of the cord. Laceration of the cord can vary from focal hemorrhage or necrosis to complete cord transection. Clinical symptoms are nonspecific but may include peripartal asphyxia, generalized hypotonia, absent tendon reflexes, or paradoxical breathing. 11, 12, 20 Injuries from an invasive procedure such as a lumbar puncture may also occur. These include a hematoma and CSF leaks. Hemorrhage arising from lumbar puncture will be based around the point of needle insertion but can extend in either direction. Sonography is useful in providing guidance during a lumbar puncture procedure by allowing the spinal needle to be followed from skin insertion into the thecal sac. 13, 14, 20, 28 
Anatomic Variants
Normal anatomic variants of spinal cord anatomy are often seen as incidental findings. It is important to be familiar with these variants so they are not confused with spinal pathology. Variants include ventriculus terminalis, filar cyst, transient dilatation of the central canal, pseudosinus tract, and positional nerve root clumping pseudomass. The ventriculus terminalis, also referred to as the fifth ventricle, is the ependymal-lined terminal ventricle in the conus medullaris ( Figure 15 ). The ventriculus terminalis can appear as a cystic dilatation of the conus medullaris. Sonographically, the conus medullaris can appear with a hypoechoic widening of the central echo complex. The ventriculus terminalis measures 8 to 10 mm longitudinally and 2 to 4 mm in the transverse dimension. 1, 7, 13, 20, [32] [33] [34] [35] A filar cyst, sometimes referred to as the ventriculus terminalis, is located in the filum terminale. The filar cyst can be well visualized by sonography. The filar cyst is found midline within the filum terminal, just below the conus medullaris. It appears as a fusiform hypoechoic dilatation. 36 Transient dilatation of the central canal can be found in 9% of healthy neonates. 33 Sonographically, it can appear circular or linear in the sagittal plane. Dilatation of the central canal usually is found in the distal part of the spinal cord and disappears within the first month after birth. This is important to note when differentiating normal spinal cord from syringohydromyelia. 7, 20 A pseudosinus tract can be seen with sonography. It is found at the level of the coccyx and composed of fibrous cord-like tissue that extends from a dimpling in the skin. When differentiating from a dermal sinus tract, it is significant to know that they usually occur in the lumbosacral section. 36 When scanning in the decubitus position, nerve roots may clump together, forming a positional pseudomass. Scanning the patient in the prone position will cause the nerve roots to return to their normal position. 36 Duplication artifact has been documented in the transverse plane in patients with post-repair myelomeningocele and, less often, in nonsurgical patients. To confirm the findings of a duplicated cord, one must obtain a sagittal image. A duplication artifact can be corrected by sliding the transducer off the midline. Duplication artifact occurs with reflection and refraction of the beam at acoustic interfaces with different tissue velocities. Recognition of duplication artifact is important to note so one does not misinterpret the image as diastematomyelia or diplomyelia. 27 
Discussion
A detailed literature review was performed. The author sought to review all case reports from 1990 to present to discuss how EFOV and 3D US have been used to enhance diagnosis of congenital lesions of the neonatal spine. The PubMed database was searched from January 1990 to April 2008. In addition, an electronic search of archived journal articles in the Journal of Diagnostic Medical Sonography was also performed during the same time period. This search found 40 articles reporting case reviews of neonatal spinal sonography in the diagnosis of malformations (these articles are listed in Table 2 ). Key words used to search were sonography/ ultrasound, spine, neonate, and 3D. Most of these case reports involved diagnosing occult spinal dysraphism (OSD) abnormalities. The use of newer technologies (EFOV and 3D US) was reported in 3 citations (see Table 2 ).
The three case reports that used newer technologies offer the potential for enhancing diagnosis with sonography. The EFOV provides the ability to obtain an image of the entire spine, from which one can better delineate T11 to L4, all in one view. The ability of 3D US to provide information of the coronal plane provides yet another view to evaluate the level of the spinal cord and appearance of congenital anomalies. Although our search yielded few results of using these technologies, the case reports in which these newer technologies were used offered better diagnostic potential through larger fields of view and visualization of the neonatal spine anatomy in the coronal plane, which may correlate with other imaging modalities (i.e., magnetic resonance imaging [MRI]). 29, 37, 38 EFOV sonography analyzes a real-time image while using computer processing to produce a static B-mode panoramic image without loss of resolution ( Figure 16 ). EFOV is a valuable addition to sonographic imaging that provides additional perspectives and measurements to anatomy and pathology of the neonatal spine. EFOV improves the demonstration of longer spinal partitions, thereby allowing for improved anatomical correlation. 37 EFOV is a freehand technique that produces spatially accurate images without using external position sensors. This is accomplished by using reference points (or pattern recognition methods) from the image to measure the transducer motion. 39 EFOV sonography furthermore has a high accuracy and reliability for measurements. A measurement comparison done by Ying and Sin 40 showed a 99.7% to 99.8% correlation between the EFOV and actual measurement. EFOV permits measurement accuracy with up to a 60-cm field of view. 39, 41, 42 3D US is a valuable tool that provides views of the neonatal spine in multiple planes simultaneously. 3D US is advantageous with its ability to present planes unobtainable with 2D US. 3D US produces volume-rendered images that can be manipulated, to best show anatomy, at a workstation after the patient has left (Figure 17 ). Volume-rendered images provide a look at the spine in the coronal ("birds-eye") view, thereby increasing the detection of posterior spinal or vertebral body defects (Figure 18 ). Volume-rendered images can be viewed with tomographic ultrasound imaging (TUI), providing slice location. TUI slices are typically oriented in the transverse or sagittal axis of the spine. 3D US allows for a contiguous look at particular portions of the spine in a single image. 3D US easily displays the lower thoracic ribs and thoracolumbar, facilitating precise location of spinal pathology and the level of the conus medullaris. 29 The ability to define anatomy, pathology, and precise location of lesions aids in surgical management, follow-up, and overall treatment planning. 43 Other benefits include reduced imaging time for the patient, improved demonstration of complex anatomy, improved volume assessment, improved standardization, and documentation. 44 Rendering options allow the user to be able to emphasize soft tissue components versus bony components to further characterize pathology seen (meninges, hemivertebrae, etc.). 43 
FIGURE 16
. The use of the extended field of view to image a tethered cord. Note the conus medullaris is located distally to lumbar vertebra 2.
FIGURE. 17. A 3D data set of a ventricularis terminalis.
EFOV imaging and 3D US are both a beneficial way to put neonatal spinal pathology into a broader anatomical context for a diagnosis or surgery plan.
Conclusion
Sonography of the neonatal spine has many advantages such as its real-time imaging ability, high resolution, portability, and noninvasive nature. Further research is needed to develop standardized protocols that encompass EFOV and 3D US imaging of routine views, which have the potential to yield a better diagnosis.
